T he residual stress present in electro-d ep osited chrom ium has been m easured b y th e m eth od o f S to n ey . I f a t a g iv en current d en sity th e tem p erature o f d ep osition is increased, th e residual stress, w hich is contractile a t first, rises sh arp ly and m a y reach v a lu es as high as 110 to n s/sq .in . T his rise con tin u es u n til th e tem p erature is reached a t w h ich p articles o f preferred orien tation first m ake their appearance. W ith further rise o f tem p erature, th e residual stress falls u n til it is p ractically zero a t th e tem p erature a t w h ich th e b righ test deposits are form ed, and th en rises again a t higher tem peratures.
I n t r o d u c t i o n
Although chromium can be deposited electrolytically from several different solutions, most if not all of the present-day chromium plating involves the use of chromic acid solutions containing small additions of sulphuric acid. It has been shown by Wright, Hirst & Riley (1935) that the body-centred cubic modification of chromium is always formed from solutions containing less than 18 % of chromium in the reduced (trivalent) state, irrespective of conditions of acidity, temperature, current density, etc., and this implies th at the hexagonal modification is not to be expected from what may be called the standard chromic acid bath, containing 250 g. Cr0 3 per litre, and a ratio of Cr0 3 to sulphate ion of 100:1. When this electro lyte is employed, the nature, appearance, hardness, and other physical properties of the deposit are affected to a remarkable extent by the current density and tem perature of deposition, but in spite of the wide use of chromium deposits, no syste matic examination appears to have been made of the relations between the con ditions of deposition, and the structure and properties of electro-deposited chromium. Glocker & Kaupp (1924) examined one sample of a chromium deposit of 0-1 mm. thickness, and found it to possess a marked fibre axis with the [111] axis perpen dicular to the plane of the deposit, but the conditions of deposition were not stated.* Wood (1931, 1935) investigated the structures of some deposits formed at low current densities, and interpreted abnormal relative intensities of the diffraction lines first (1931) as the result of particles of a definite shape relative to the crystal axes, and later (1935) as the result of preferred orientation, the nature of which was not determined. The only previous systematic investigation by X-ray methods appears to be th at of Arkharow (1936) , who showed th a t a t the three current densities 20, 40, and 100 amp./sq.dm., lustrous deposits produced a t 50-80° C possessed a [111] fibre structure, whilst grey m atte deposits obtained a t room temperature possessed a [100] fibre structure; the evidence for the latter was not very complete, and this fibre structure has not been confirmed by the present work. There appears to have been no previous systematic investigation of the relation between the structure, and properties of electro-deposited chromium, and even the visual appearance of the deposits has been examined systematically only at the lower current densities and temperatures. We have thought it of interest, therefore, to examine the visual appearance, and crystal structure orientation, over the whole range 50-3000 amp./sq.ft., and 12-85° C; some measurements were also made at 95° C. These measurements were supplemented by measurements of the hardness of deposits prepared over the temperature range 25-90° C, and at the current densities of 500, 1000, and 1750 amp./sq.ft., and of the residual stress in deposits prepared at 2000 amp./sq.ft, over the range 35-90° C. This extensive survey has shown how misleading conclusions were drawn from the observations a t the lower current densities.
2. E x p e r i m e n t a l d e t a i l s (a) E l ect ro l yt e. The electrolyte employed was of the chromic acid type, and contained 250 g. Cr0 3 per litre, with the addition of sufficient sulphuric acid to give a Cr0 3/S0 4 ratio of 100:1. The earlier experiments were made with 'A nalar' chromic acid, and when this became unobtainable, use was made of chromic acid supplied by the Research Department, Woolwich. This material contained 0*06 % of trivalent chromium, and 0-21 % of sulphate, and was free from iron. Duplicate experiments indicated that identical results were obtained from the two varieties of chromic acid. The electrolyte in quantities of 2 1. was contained in a cylindrical glass beaker of diameter 17 cm. and height 10 cm., immersed in a therm ostat con trolled to within + 0-2° C. Loss of water by evaporation was minimized by a clock glass cover. The electrolyte was usually changed when 0-005 % of the chromic acid had been reduced to metal, and in this way the accumulation of trivalent chromium (and of iron) in the electrolyte was kept very small. * T h e d e p o s its w e r e p r e p a r e d b y t h e G ru b e p r o c e s s (U .S . P a t e n t 1 ,4 9 6 ,8 4 5 , 1 9 2 4 ) u s in g a n a q u e o u s s o lu t io n o f Cr20 3, C r (O H )3, a n d H 2S 0 4, b u t t h e e x a c t c o n d it io n s a r e n o t s t a t e d .
(6) Current supply. The current for deposition was supplied by a 12 V accumu lator of large capacity, and the circuit was provided with a mercury cup reversing switch which enabled the specimens to be anodically etched for a short time. The current was controlled by an adjustable rheostat, and was measured by means of a milliammeter or ammeter; the actual voltage across the terminals of the bath of course varied with the current density.
(c) Preparation of specimens. The preliminary experiments referred to on p. 335 were made with chromium deposited on steel wire of diameter 0*7 mm., but the remainder of the work has been carried out on specimens prepared from annealed steel sheet of 0-5 mm. thickness. An X-ray diffraction photograph of the steel showed th at the crystal orientation of the material was entirely random. After cutting to the desired shape, the specimen was rubbed flat on no. 1 H ubert emery paper, and copper leads were soldered on a t suitable places. These were protected from the solution by means of glass tubes, and cellulose varnish was used to stop off all parts on which deposition was not required. On placing in the solution, the specimen was made anodic, and a current of 200 amp./sq.ft. was passed for 75 sec. in order to remove any abnormal surface layer, and to degrease the specimen. The current was then reversed, and adjusted to the required value; this process usually required less than 3 sec.
(d) Methods for the calculation of current density and for obtaining uniform deposits. The mean current density was calculated from the mean current flowing, and the actual area plated. In the experiments with plated wires, a satisfactorily uniform deposit was obtained by the use of a lead anode bent into the form of a cylinder. With the plane specimens there was always a tendency for the current density to be higher a t the edges of the specimen, and the deposits were not of uniform thickness. In order to allow a wide range of current density to be obtained, most of the work with flat specimens was carried out on rectangular sections of area 0-5 cm.2. The centre of the deposit was used to obtain X-ray diffraction photographs, and the major axis of the elliptical X-ray beam at the surface of the specimen was found to be 2 mm. After the completion of the X-ray experiments, the specimen was mounted in Wood's metal, and was then sectioned, and two sections at right angles across the deposit were examined at a magnification of 750 in a Vickers Projection Microscope, and any specimens which were markedly irregular in thickness were rejected. In other cases, the thickness of the deposit was measured at intervals of 0T mm., and a diagram was constructed showing the thickness of the deposit as a function of the distance from the edge. If the irregularity of the deposit is slight, it is reasonable to assume th at the efficiency of deposition is constant over the small range of current densities concerned, and in this way by measuring the area under the curve, it was possible to estimate the true current density for the portion submitted to the X-ray beam.
The results obtained by the above methods were quite consistent, but as an additional precaution the results for some of the more critical deposits were checked against further deposits prepared on circular disks of diameter 2*5 or 1-7 cm., according to the current densities used. These disks were placed inside cylindrical bakelite troughs, arranged as shown in figure 1. The bakelite is unattacked by the electrolyte, and the device enabled very uniform deposits to be obtained. This apparatus was only perfected towards the end of the present work, after a number of other devices of the 'robber b a r' type had been tried. It was found th at the more critical results obtained in the earlier work, and corrected as described above, were exactly confirmed by the more uniform deposits obtained with the apparatus of figure 1, and it was, therefore, not thought necessary to repeat the whole of the earlier results. (e) X-ray technique. The preliminary work was done with wire specimens in a Debye-Scherrer camera, whilst the detailed work wras carried out with plane speci mens which were mounted in a specially designed X-ray camera of the type shown in figure 2 which is self-explanatory. The angle between the plane of the specimen and the incident X-ray beam can be varied by rotating the specimen holder, and the diffraction lines and spots are recorded on a film of size 1 2 x 9 cm. which is bent into a cylinder inside the camera. The construction of this camera, the methods of measurement, and the interpretation of results are being described by one of us (M. R. J. W.) in a separate paper. Figure 3 A shows a typical film of a deposit with completely random orientation, and figures 3 B, C and D are from three deposits with different degrees of preferred orientation. When compared with an X-ray film from electro-deposited nickel, the films from the chromium deposits wrere found to be characterized by very intense general scattering, and many photographs were therefore taken through a screen of aluminium foil which greatly reduced the general scatter. 3. E x p e r i m e n t a l r e s u l t s
(1) Effect of temperature and current density on appearance of deposits Our first work was with deposits made on steel wires, and we have to thank Mr E. E. Jarvis for making an extensive survey of the subject which has been of great use in leading to the final results. It was found that the curvature of the wire led to difficulties in interpreting the X-ray diffraction patterns, and the deposits were therefore repeated on plane specimens, and the results are summarized in figure 4 in which the co-ordinates are temperature and current density, and the nature of the deposit is indicated. The field of this diagram may conveniently be divided into four zones with the following characteristics: Zone I. The deposits in this zone are not lustrous, but are dark matte in appear ance, and at the lower temperatures are of a dark brown or chocolate colour. At the lowest temperatures, they become more and more flaky as the current density increases. This last observation confirms the work of Shishkin & Gernet (1927) .
Zone I I . In this zone the deposits are definitely lustrous, and they become more and more bright on passing from the left to the right of zone II in figure 4. The brightest deposits occur at the boundary between zone II and zone III, and show specular reflexion. Although not absolutely sharp, the boundary between zones I and II is much more definite than that between zones II and III, and it will be seen from figure 4 that with current densities greater than 800 amp./sq.ft. the boundary between zones I and II only varies by a few degrees, although below 500 amp./sq.ft. the temperature of the boundary varies rapidly with current density.
Zone III. In this zone the deposits become less bright and develop more of a milky or matte appearance. The boundary between zones II and III is not a very definite one, and is therefore represented by a shaded area instead of by a single line, and this resembles the boundary between zones I and II in that, at the higher current densities, the effect of temperature is predominant. The upper part of the boundary between zones II and III in figure 4 is not, however, exactly vertical, and it is perhaps significant that if the current density is plotted against the logarithm of the temperature at which the brightest deposits are formed, a linear relation is obtained, suggesting that there is an exponential relation between the two variables.
Zone IV . In this zone, no deposition occurs, in agreement with the views of Blum (1932) andBiriukoff (1936) that a critical current density is required before deposition occurs.
Diagrams resembling figure 4 have been shown over a limited range by earlier workers (see for example, Blum 1932), but the present work appears to be the first to have covered such a wide range of temperature and current density, and is the first to show the predominant effect of temperature at the higher current densities.
(2) The crystalline nature of the deposits As will be appreciated from what follows below, some of the deposits were cha racterized by a preferred orientation or texture, and the degree of texture was sometimes profoundly influenced by the thickness of the deposit. For this reason we have made first a survey of the crystalline nature of deposits of a standard thickness of approximately 10/4, and the effects of increasing thickness are dealt with later.
With deposits of thickness approximately 10/4, the deposits formed in zone I, whether of the brown or grey matte types, always possess a body-centred cubic structure, and no trace of the hexagonal modification has been found. The X-ray diffraction fines are reasonably sharp and well defined, and the Debye-Scherrer rings are continuous without any sign of preferred orientation. These results indicate that the deposits in zone I have a crystal size of the order 10-3-10-6 cm., and that the orientation is perfectly random. No evidence was obtained for the existence of the (100) preferred orientation claimed by Arkharow (1936) .
The deposits in zone II of figure 4 are all characterized by a preferred orientation in which the (111) planes of the crystal tend to be parallel to the plane of the deposit. At the left-hand side of zone II in figure 4 there is still a number of particles with random orientation, and the X-ray films show continuous Debye-Scherrer fines, of non-uniform intensity (cf. figures 3 B, C), the darkened portions* being in the positions required by a (111) orientation, but with a certain amount of variation in the exact alignment. As the right-hand side of zone II is reached, the continuous Debye-Scherrer fines vanish, showing that the number of particles with random orientation has become negligible, and at the same time the darkened arcs become shorter (cf. figures 3 C, D) , showing th at the orientation is much more perfect. At the boundary between zones II and III where the deposits are brightest, the depar ture from an exact (111) orientation is of the order ± 7|°, whilst a t the left of zone II the variation is of the order + 20°. Table 1 summarizes the data obtained in this connexion. Movement from the left to the right of zone II thus produces two distinct effects, namely, (1) a decrease in the relative number of crystals with a purely random orientation, and (2) an increase in the perfection of the exact alignment of the orientated crystals. Some of the bright deposits on wires gave very diffuse lines in the Debye-Scherrer camera, and application of the usual formulae connecting the particle size with the half-breadth of the lines suggested a particle size of the order 10-7 cm. We think, however, th at this figure must be accepted with the greatestreserve, because the whole problem of the line widths of the diffraction lines from these deposits is extremely complicated. Apart from the question of the validity of the particular equation used for the calculation of particle size, there are also the possibilities of (1) abnormal lattice spacings due to co-deposited hydrogen, (2) effects of high stress in some deposits (see p. 339), and (3) the effect of superposition of the continuous Debye-Scherrer line (due to the random particles) on the arcs due to the particles with preferred orientation.* 
W. Hume-Rothfery and M. R. J. Wyllie c u r r e n t d e n s it y te m p . d iv e r g e n c e fr o m e x a c t ( 111) r e la t iv e p r o p o r tio n a m p ./s q .f t .°C a p p e a r a n c e o r ie n ta tio n o f r a n d o m c r y s ta

b r ig h t m a t t e -v e r y c o n s id e r a b le 55 b r ig h t m a t t e ± 1 4 i°c o n s id e r a b le 65 b r ig h t ± 6°n o n e 75 m ilk y b r ig h t ± 15°c o n s id e r a b le 85 lig h t g r e y m a t t e -v e r y c o n s id e r a b le 200 35 lig h t g r e y m a t t e --
b r ig h t m a t t e + 15°c o n s id e r a b le 55 b r ig h t ± 9 |°n o n e 60 b r ig h t ± 9°n o n e 65 m ilk y b r ig h t ± 12°c o n s id e r a b le
On passing from zone II into and across zone II I the relative number of crystals with purely random orientation increases continuously, and at the same time the perfection of the exact alignment of the crystals with preferred orientation decreases. At 85° C the deposits still show a certain degree of preferred orientation, but at 95° C they are Completely random. There is also a remarkable increase in the sharpness of the diffraction lines on passing from 70 to 95° C, which suggests th at the grain size of the deposited metal is increasing.
The effect of thickness on the degree of preferred orientation depends markedly on the nature of the deposit. In the case of the brightest deposits a t the boundary between zones II and III, a highly preferred orientation is rapidly acquired, and in deposits of thickness 1 pt he preferred orientation is fully as great thickness 10 fi.In those deposits which consist of a mixture of particles with rando and preferred orientations, the effect of the thickness of the deposit is very marked, and as the deposit becomes thicker the degree of exact alignment of the particles with preferred orientation becomes more perfect, although they are still accom panied by roughly the same proportion of random particles. Thus with a deposit of thickness 36/4 produced a t 85° C and 1000 amp./sq.ft., the departure from an exact (111) orientation was only about one-third as great as for a deposit of thickness 10 produced under the same conditions.
(3) The existence of stress in the deposits
It is well known th at many electro-deposited metals are deposited in a stressed condition, but no previous systematic investigation appears to have been made of the magnitude, of the residual stress in chromium deposits, or of its dependence on the conditions of deposition, although for nickel Stoney (1909) has shown th a t stresses as great as 19-2 tons/sq.in. were reached. This work was carried out by depositing nickel on one side of a flexible steel strip, and measuring the direction and magnitude of the curvature of the strip after the deposition was complete. We have used the same method for the study of residual stress in chromium, deposited on one side of thin steel strip supplied by the Research Department, Woolwich. This material was 5 mm. wide, and 0-35 mm. thick, and possessed very uniform properties. I t was cut into lengths of 13 cm., and one side was completely stopped off with cellulose varnish, and the other side was stopped off for a distance of 3 cm. from one end, this end being held securely in a suitable holder. A length of 10 cm. was thus left for deposition, and the movement of the free end relative to a fixed glass pointer was measured. From this deflexion, the stress which was always contractile was calculated by the method described by Stoney (1909) . Figure 5 shows the results obtained for deposits prepared at 2000 amp./sc)-ft., and at temperatures from 35 to 95° C. From this it will be seen that, on increasing the temperature, the stress increases rapidly to a maximum value of 110 tons/sq.in. at the boundary between zones I and II of figure 4. On entering zone II the stress falls rapidly as the degree of preferred orientation increases, and becomes almost zero at the boundary between zones II and III where the brightness and degree of preferred orientation are greatest. On entering zone III the stress rises to a much less pronounced maximum at about 85° C. This work therefore establishes conclusively th at the bright deposits with preferred orientation have the lowest residual stress as measured by Stoney's method.
The results of figure 5 refer to the residual stress in the deposit as a whole, but information regarding the distribution of stress through the deposit can be obtained by dissolving away the steel basis with nitric acid, and examining the direction of curvature of the chromium film. Working in this way we have found th a t the dark ZONE I ZONE I te m p e r a tu r e (°C ) F ig u be 5 m atte deposits formed at the low-temperature side of zone I show little or no tendency to curl. The bright m atte deposits formed a t the left of zone II show a clear tendency to bend so th at the convex side is th a t originally facing the steel. This shows th at the tension is greater in the outer layers of these deposits, which consist of a mixture of particles with preferred and random orientations. In contrast with this, the bright deposits tend to bend slightly so th a t the concave side is th a t originally facing the steel. This shows th a t for these deposits which consist entirely of particles with preferred orientation, the tension is somewhat greater on the inner layers of the deposit.
The hardness of electro-deposited chromium
The hardness of electro-deposited chromium is known to be very great, but the only extensive previous investigation of the relation between the hardness and the conditions of deposition appears to be th a t of Cymboliste (1938) . This work was confined to the range 35-75°C, and 150-800 amp./sq.ft., and showed clearly th a t a t a given current density of deposition, the hardness at first increased with in creasing temperature of deposition, rose to a maximum, and then decreased at the higher temperatures. The absolute numerical values of Cymboliste are open to doubt, because although the Vickers Pyramid Indenter was used for the tests, the results are only given in Brinell units, obtained by means of an unstated conversion table, and it is known th a t such conversion methods are unreliable for very hard substances. Although it is generally known th a t the bright deposits of chromium are the hardest, there appears to have been no previous systematic investigation of the relation between the hardness of the deposits and their structure, and we have therefore made a comprehensive investigation for deposits prepared over the range 25-90° C, at current densities of 500, 1000, and 1750 amp./sq.ft, respectively.
For this purpose deposits were prepared on standard \ in. diameter Hoffmann steel balls,* electrical connexion being made by means of a glass-encased copper wire. By using cylindrical lead anodes, a perfectly uniform deposit was obtained; this method was suggested to us by Mr A. W. Hothersall, and has proved most satisfactory. The hardness tests were made with a standard square-based diamond pyramid indenter, using a load of 6-1 kg. applied by means of a simple lever machine, the use of which has already been described by Frye & Hume-Rothery (1942) .
Preliminary tests were made with deposits prepared on the hard steel balls, and also on balls softened by annealing. These experiments showed th a t the measured hardness was independent of the hardness of the basis metal, provided th a t the thickness of the deposit was from 10 to 13 times the depth of the indentation. All measurements were therefore carried out on deposits at least 15 times as thick as the depth of the indentations,! and all the usual precautions for accurate hardness testing were adopted, including th at of allowing for the fact th at the impression was on a curved and not on a plane surface.
The results obtained are shown in figure 6 and are of considerable interest. At each current density, increasing temperature produces first a marked increase in the hardness, which reaches a well-defined maximum at the boundary between zones II and II I of figure 4, and then falls rapidly as zone II I is entered. The deposits of completely preferred orientation have thus the greatest hardness, and this maximum hardness is almost the same for all three current densities, although the temperatures of deposition at which the maxima occur are of course different. Further, the complete * T h e s e a re m a d e t o r ig id s ta n d a r d s fo r b a ll b e a r in g s, a n d p r o v e d v e r y s a t is f a c t o r y a n d u n ifo r m .
t A lth o u g h a fu ll in v e s t ig a t io n w a s n o t m a d e , i t s e e m s c e r ta in t h a t t h e h a r d n e s s v a lu e s a re n o t a ffe c te d b y v a r ia tio n s in th ic k n e s s b e tw e e n 15 a n d 3 0 t im e s t h a t o f t h e in d e n ta t io n .
curves at all three current densities can be almost exactly superposed by a mere shifting of the temperature scale, and it appears th at hardness is a property depending solely on the structure of the deposit as revealed by X-rays, and is independent of the exact conditions under which a structure of a given type is produced. Thus at the boundary between zones I and II in figure 4 , where the preferred orientation begins, the hardness is 830-850 v .p .h . for all three currertt densities, although the tem peratures of deposition at which this type of structure is produced are quite different. Again, the grey m atte deposits produced in zone II I appear to be characterized in every case by a hardness of about 500 v .p .h . The preceding sections have dealt with the appearance, structure, residual stress, and hardness of electro-deposits of chromium prepared under very strictly con trolled conditions. In the course of this work, some other points have been in vestigated, and may be referred to briefly, since they refer to deposits prepared under identical conditions.
W. Hume-
(1) The effect of the basis metal. The present work does not support the view th at the orientation of the deposit, at the thicknesses concerned, is. controlled by the basis metal, since it shows th at deposits of highly preferred orientation are obtained on steel strip of random orientation. As a further test of this point, a thin (1/^) deposit of chromium was made on an etched nickel base, but although the nickel possessed a marked (100) orientation, the chromium had the unusual orientation. These facts suggest th a t the orientation of electro-deposited chromium, at the thicknesses concerned, is a property of chromium itself, and not th at of the base.
(2) Efficiency data,. Figure 7 A shows efficiency data we have obtained a t 2500, 1750, and 1000 amp./sq.ft., andfigure 7 B shows similar curves obtained by Schneidewind, Urban & Adams a t current densities from 50 to 800 amp./sq.ft. Although the solution used by Schneidewind, Urban & Adams (1928) differs from our own, it
The structure of electro-deposited chromium will be seen that the shapes of the curves in figures 7 A, B are essentially similar. For the three curves we have obtained, it is found th at bright deposits are formed at the same efficiency-approximately 8 %-and th at the transition from zone I to zone II (figure 4) is characterized at each current density by an efficiency of approximately 15 %. At constant current density, the efficiency decreases steadily with increasing temperature of the electrolyte. At constant temperature, the increase of efficiency with current density follows an exponential curve, i.e. the same percentage increase in efficiency results from increasing the current density from 100 to 200 amp./sq.ft, as is caused by an increase from 1000 to 2000 amp./sq.ft. It appears, further, th at similar types of deposit, e.g. lustrous, are produced a t the same deposition efficiencies from the same solution.
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